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Of great interest to modern medicine and biomedical research is the ability to inject individual target cells

with the desired genes or drug molecules. Some advances in cell electroporation allow for high through-

put, high cell viability, or excellent dosage control, yet no platform is available for the combination of all

three. In an effort to solve this problem, here we show a “3D nano-channel electroporation (NEP) chip” on

a silicon platform designed to meet these three criteria. This NEP chip can simultaneously deliver the

desired molecules into 40 000 cells per cm2 on the top surface of the device. Each 650 nm pore aligns to

a cell and can be used to deliver extremely small biological elements to very large plasmids (>10 kbp).

When compared to conventional bulk electroporation (BEP), the NEP chip shows a 20 fold improvement

in dosage control and uniformity, while still maintaining high cell viability (>90%) even in cells such as

cardiac cells which are characteristically difficult to transfect. This high-throughput 3D NEP system pro-

vides an innovative and medically valuable platform with uniform and reliable cellular transfection, allow-

ing for a steady supply of healthy, engineered cells.

Introduction

A wide variety of physical methods have been developed for
introducing exogenous materials into cells for different bio-
medical purposes.1,2 These strategies avert concerns on onco-
genesis and immune rejection caused from viral infection pre-
viously used in cell transfection.3 Among all physical delivery
methods, microinjection is the most straight forward approach
that is capable of delivering cargo into the cytosol using a fine
pipette to pierce through a cell membrane.4,5 However, its
manual operation highly decreases the practical efficiency and
user-friendliness, thereby limiting the applications.5,6 Particle

bombardment (gene gun) is a physical–mechanical process
which usually causes irreversible membrane break-down due
to the interaction between particles and cell membrane.7 Pora-
tion (e.g. laser irradiation, sonoporation, electroporation) is
characterized as temporal membrane perturbation by external
forces focusing on target cells.8–10 To optimize a physical
method, two parameters, including poration induced cell-
membrane damage and delivery efficiency, are evaluated.11,12

To achieve both criteria, electroporation has turned out to be a
more viable approach in both in vitro and in vivo appli-
cations.13 Transfection efficiency and cell viability can be
balanced by optimization of the local electric field.14 In
addition, electroporation offers another advantage over laser
irradiation and sonoporation as directly propelling surface
charged molecules (e.g. DNA, RNA) into cells under an
electric field further facilitates the efficiency of intracellular
delivery.15,16

While being widely used in gene therapy, wound healing,
drug screening, and cell reprogramming recently,17,18 bulk
electroporation (BEP), the most common prototype, is usually
considered as causing serious cell damage, random transfec-
tion, and low efficiency especially to primary cells. In BEP,
millions of cells are concentrated in a small space and are
shocked by high voltage pulses between a pair of electrodes.
Such a system setup is used for its simplicity and operational
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flexibility, but suffers from poor cell viability as a large portion
of cells cannot survive the high voltage pulses. Among the
surviving cells, only a small portion could be transfected by
successful poration. Meanwhile, the local electrical field varies
from cell to cell, causing a totally stochastic process of delivery.19

In recent years, microfluidic-electroporation (MEP) systems
have been reported to improve the cell viability by confining a
single-cell at a narrow region in which a low voltage (less than
10 V) is used for membrane permeabilization while the cargo
is transported into cells via diffusion.20–22 Precise control of
the amount of molecules injected into target cells, namely,
dosage control, has been desired by biomedical researchers for
a long time, as it is important for a variety of biological appli-
cations.23 Limited by the channel-scale, the diffusion based
delivery in MEP and BEP makes them unable to achieve trans-
fection with dosage control, usually resulting in extremely low
efficiency when delivering molecules with large molecular
weights (e.g. >10 kbp). None of the aforementioned methods
have demonstrated precise delivery of exogenous reagents into
living cells with negligible cell damage. Nano-electroporation
systems (NEP) are reported recently for single-cell transfection
with high efficiency and precise delivery.19,24–26 Different from
BEP, NEP offers transient and reversible poration under a high
voltage, while instantaneously propelling charged bio-reagents
into cells through the nanochannel, which could achieve the
benefits of both high cell viability and transfection efficiency.
The hallmark of NEP, dosage controllability, makes it unique
compared to previously reported counterparts, while illuminat-
ing the cell transfection with quality control for medical
research and preclinical use. However, all previously-reported
NEP is based on a 2D planar design, which is ideal for single-
cell study (with less than one hundred cells) each time, but
widely losing significance in medical and pre-clinical fields
that require a large population of cells. Therefore, a high-
throughput nanochannel electroporation chip capable of
handling a large number of cells simultaneously is critically
needed. Previous approaches used track-etched poly(ethylene
terephthalate) or poly carbonate membranes.27–29 However,
the random distribution of nanopores in track-etched mem-
branes leads to a non-uniform cell–pore contact, which makes
them impossible for uniform transfection and dosage control.

To address these issues, we developed a nanochannel
array platform for high-throughput cell electroporation with
the advantages of dosage control, high uniformity, while
showing significantly higher efficiency of intracellular deli-
very when using ultra-large molecular weight cargo (>10 kbp
plasmids) with high cell viability compared to BEP. A 3D NEP
chip, with a uniform and parallel nanochannel array, was
batch-produced by projection photolithography and deep
reactive ion-etching (DRIE). The 3D NEP system significantly
increases the single-cell transfection capability from less than
100 cells per chip (2D NEP) up to more than 40 000 cells per
cm2 and up to million cells per wafer-scale. We delivered
FAM-labeled oligonucleotides into H9C2 cells (mouse cardio-
myoblasts), and a working voltage range was identified.
Dosage control was demonstrated with a large number of

cells. Compared to other high-throughput electroporation
systems (BEP and 3D MEP), 3D NEP offers significantly
higher transfection uniformity. Moreover, we tested the capa-
bility of 3D NEP for the intracellular delivery of a large weight
transgenic factor (13 kbp transcriptional plasmid) into MEFs
(mouse embryonic fibroblasts). NEP demonstrated significant
higher efficiency, cell viability and uniformity as compared to
the BEP system. The 3D NEP system provides a medically valu-
able platform for supplying high-throughput engineered cells
with uniform and predictable transfection.

Experimental section
Fabrication of the 3D NEP chip

The fabrication of a nanochannel array chip was based on pro-
jection photolithography and DRIE (the detailed protocol is
illustrated in Fig. S1†). A silicon wafer (Double Side Polished,
500 μm thickness, (100) orientation) was thinned to the thick-
ness of 250 μm using wet etching (45% KOH (potassium
hydroxide) at 80 °C, etch rate: ∼1 μm min−1). A microchannel
array (50 μm in diameter) was patterned on the one side using
photolithography (EVG 620 aligner, photoresist: SPR220-7,
thickness: 10 μm). Using photoresist as a mask, a uniform
micro-trench array, with depth ∼230 μm was etched with a
DRIE system (Oxford Plasma Lab 100 system). A modified
Bosch process (alternative SF6 and C4F8 plasmas) was develo-
ped with parameters optimized. A nanopore array (650 nm in
diameter, 50 μm pore-to-pore distance) was patterned on the
other side using projection photolithography (GCA 6100C
Stepper (i-line), photoresist: AZ-5214 E, thickness: 1 μm), fol-
lowed by a second DRIE process in which the nanochannel
array was connected to the microchannel array. The nanopore
top surface was used to seed cells in the procedure of 3D NEP.
A dielectric layer (Si3N4) was deposited on the side using
plasma-enhanced chemical vapor deposition (Plasma Therm
790) for electrical isolation. The nanochannel size of 650 nm is
selected to keep minimum damage to cells and at the same
time to be able to deliver very large plasmids without nano-
channels being potentially blocked during electroporation.

System setup

A 3D NEP system was developed in order to obtain high-
throughput cell electroporation. Detailed descriptions are
given in Results and discussion section as well as illustrated in
Fig. 2. The PDMS spacer (thickness 2 mm) was prepared by
mixing the pre-polymer and curing agent in a ratio of 10 : 1
(Sylgard 184, Dow Corning). The support platform, the sub-
strate, and two clamps were made of PMMA and fabricated
using a digital micro-milling machine (Mechanical Lab,
Department of Chemical Engineering, The Ohio State Univer-
sity). For 3D NEP, a pair of electrodes was connected to the two
ports of the power system (Gene Pulser X-cell system, Bio-Rad).
The bottom electrode is a microscope slide (25 mm by 75 mm)
deposited with 100 nm gold (Denton 502A, e-beam evapor-
ator). A rod electrode (copper) is used as the top electrode.
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3D MEP and BEP

In comparison with 3D NEP, a silicon 3D MEP chip was fabri-
cated based on photolithography, wet etching and DRIE. The
details of the process were described in previous work.30 For a
MEP experiment, the chip was cut into 1 cm × 1 cm, and was
mounted on the same system setup shown in Fig. S2.† The
electroporation conditions used in 3D MEP experiments are
4 V, 50 ms, 5 pulses. A commercial BEP system (Neon Transfec-
tion System, Life technology) was also used in our experiments
for a comparative study. The protocols for cell electroporation
were used according to the website of the neon system. For
propidium iodide (PI) and GFP plasmid delivery, the con-
ditions are: 1350 V, 20 ms, 1 pulse. For OSKM plasmids deli-
very, the conditions are 1750 V, 20 ms, 1 pulse.

Cells and biomolecules

Two types of cells were used in experiments for different pur-
poses. H9C2 (cardiomyoblasts) cells were obtained from ATCC,
and were cultured in Dulbecco’s Modified Eagle’s Medium
(Catalog no. 30-2002) with the addition of 10% (v/v) fetus
bovine serum (FBS, heat inactivated, catalog no. 26010).
Mouse embryonic fibroblasts (MEFs) were isolated from E12.5
embryos, and were cultured in DMEM with addition of 10%
FBS and non-essential-amino acids. As a heart myoblast cell
line, H9C2 cells are chosen for demonstration because they are
typically difficult to be transfected using bulk electroporation.
Besides, H9C2 cell line is very valuable as an in vitro model to
study the drug metabolizing enzymes in the heart.31 FAM
labeled oligonucleotides (FAM-ODN, alpha DNA Co., cat no.
427520, excitation /emitting wavelength, 492/517 nm) were
used to test the performance of the 3D NEP system for voltage
optimization and dosage control validation. Propidium iodide
(PI dye, cat. no. P3566, Invitrogen, excitation/emitting wave-
length, 535/617 nm) was delivered for the comparison of the
uniformity and efficiency of intracellular delivery. PmaxGFP
(3.5 kbp, Cat. no. VSC-1001, Amaxa Nucleofector Technology)
was used to check the transfection performance of the delivery
of large molecules into living cells. For demonstrating the
efficiency of NEP delivering large molecular weight cargos into
MEFs cells, OSKM plasmid (OCT-4, SOX2, KCL-1, and c-MYC
transcription factors, and RFP encoded on a pCAG plasmid
backbone, Addgene) was used.

Cell loading, release, and viability

In NEP experiments, two types of adherent cells (H9C2 and
MEFs) were trypsinized (trypsin, catalog number 25200-056,
life technologies) and loaded on the 3D NEP chip for 4 hours.
Within this culture time, living cells attach to the chip surface.
A vacuum was also applied during cell loading in order to
enhance the contact of cells to the nanopores, according to the
protocol in the literature. Different from MEP, the vacuum
effect on a NEP chip is extremely low due to the high flow-res-
istivity through the nanochannel, and therefore it is quite safe
to cells. After NEP and MEP, cells were trypsinized and trans-
ferred back to petri-dishes for culture. Cell viability in the MEF

experiments was determined by comparing the portion of cells
showing typical fibroblast morphologies to the total cell
numbers. Dead cells usually detached from the dishes. Two-
sided student’s t-test was used to determine the significance
for data with Gaussian distribution and equal variances. The
groups with p values <0.05 were considered statistically
significant.

Results and discussion
3D nanochannel array chip

The cross-section of the 3D NEP chip illustrating micro-
channel–nanochannel connections is shown in Fig. 1a. Using
projection photolithography and DRIE, a uniform array of
nanochannels (650 nm in diameter, 20 μm in length, with a
high aspect ratio of up to 40 : 1) was developed as shown in
Fig. 1b. A microchannel array (50 μm in diameter) was pat-
terned and DRI-etched from the other side until connection
with the nanochannel array was established. The nanopore
array on the top surface (Fig. 1c) is used for loading and elec-
troporating cells. The method described demonstrates the
feasibility of fabricating a uniform nanochannel array with
controllable density and micro-/nano-channel length. In our
experiments, the NEP chip we used has an average nanochan-
nel length of 13 μm, and a nanochannel to nanochannel
spacing of 50 µm, which determines the throughput capability,
i.e. 40 000 cells with a 1 cm2 chip. The throughput could be
easily scaled up to a million cells per wafer for applications
requiring such a population of cells.

3D NEP system setup

The 3D NEP system consists of four parts, including the 3D
NEP chip, a support platform, PDMS (polydimethylsiloxane)
spacers, and a pair of electrodes (Fig. 2a). A top chamber was
confined by a PDMS spacer for cell loading and NEP. A bottom
chamber is compartmentalized by the chip on the support
platform made of PMMA (poly(methyl methacrylate)), which is
mounted on gold-coated glass serving as the bottom electrode.
The second PDMS spacer is sealed between the chip and the
platform to avoid leakage. All components are stacked on a
PMMA substrate with two clamps (Fig. 2b). The photograph of
the 3D NEP system is shown in Fig. S2.† Cargos (such as DNA,
RNA) to be injected are filled into the bottom chamber. In
NEP, high voltage pulses are applied between the top electrode
and the bottom electrode. NEP offers the advantage of being
capable of accelerating the charged molecules to transport
them across cell membrane, a feature which cannot be realized
by MEP and BEP. The connection of electrodes is dependent
on the charges of the cargos, for example, the delivery of DNA
and RNA (negatively charged) requires that the top electrode is
connected to the positive port of the power supply while the
bottom electrode is connected to the negative port.19 Different
from 2D NEP which is a planar device, 3D NEP electro-
injects cargos into cells through independent channels in the
Z-direction.
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Working conditions

In NEP, only a cell placed in close proximity of a nanopore can
be locally electroporated. The applied voltage and the cell-to-
channel distance was analyzed with a 3D NEP model using

COMSOL, in order to identify the minimum applied bias (VA)
that leads to a sufficient electroporation. The schematic with
relevant parameters is seen in Fig. 3a where D is the cell dia-
meter, d is the spacing between the cell and the nanochannel
entrance, l is the nanochannel length, w is the nanochannel

Fig. 1 Schematic and SEM micrographs of the silicon 3D NEP chip. (a) The cross-section configuration of the microchannel–nanochannel array
chip. For NEP, the flat side is used as the top surface for seeding cells. (b) The cross-sectional cut of the chip shows the array of nanochannels
(650 nm in diameter, ∼20 μm in length) connecting the microchannel (50 μm in diameter). Scale bar (from left to right): 20 μm, 3 μm. (c) The nano-
pore array pattern on the top surface. Scale bar (from left to right): 15 μm, 2 μm, 500 nm.

Fig. 2 The system setup of 3D NEP. (a) The cross-sectional schematic of the 3D NEP system, which consists of a 3D NEP chip, a support platform,
two PDMS spacers, and a bottom electrode. Cells are loaded in the top chamber and the bottom chamber is filled with to-be-injected cargos. The
electric field (black dot arrows) is generated by the voltage pulses applied between the top planar electrode and the bottom electrode, by which the
cells are electroporated while the cargos are injected into the cells aligned on the nano-pore array. (b) The 3D model showing all components are
stacked on a substrate and boned with two clamps. (c) SEM micrograph of a cell loaded onto the nano-channel side of the 3D NEP chip ready for
electroporation.

Paper Nanoscale

246 | Nanoscale, 2016, 8, 243–252 This journal is © The Royal Society of Chemistry 2016

Pu
bl

is
he

d 
on

 0
9 

Ju
ly

 2
01

5.
 D

ow
nl

oa
de

d 
on

 2
2/

09
/2

01
6 

23
:0

2:
49

. 
View Article Online

http://dx.doi.org/10.1039/C5NR03187G


diameter and R is the micro-channel diameter. The system
parameters in the simulation are set in accordance with the
chip used in NEP experiments: D is set to 10 µm (an acceptable
cell size), l to 13 µm (average nanochannel length), R to 50 µm
and w to 650 nm. Other parameters including extracellular
fluid (phosphate buffered saline, PBS) and cytosol conduc-

tivities are 0.8 S m−1 and 0.2 S m−1, respectively. The cellular
membrane is estimated to be 5 nm thick with a conductivity of
5 × 10−7 S m−1.32 The governing equation for the system (static
electric field) used is: ∇(σ∇V) = 0, where σ is the conductivity.
The 3D model in Fig. 3b shows the overview of potential
drop in the microchannel–nanochannel-cell system when the

Fig. 3 Working conditions of a 3D NEP device. (a) Illustration of a single nano-pore setup and relevant parameters for simulation. (b) 3D layout of a
single nanochannel on the device under a biased voltage of 100 V. (c) Electrical field lines from an electroporation simulation at VA = 100 V. (d)
Zoom-in of (c) showing field lines at the cell–nanochannel interface. (e) Effective voltage Vs as a function of arc length, where d = 200 nm. Simu-
lation values for VA are 15, 50, 100, and 140 V. (f ) Vs as a function of d at varied applied biases (VA), showing required VA for successful electroporation
at various d values.
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applied voltage is VA = 100 V, while Fig. 3c gives the 2-D slice of
the potential distribution, where the vast majority (∼97%) of
the potential drop is observed over the nanochannel. Fig. 3d
zooms in the close proximity of nanochannel to the nearest
point of the cell. A low potential of 3–3.5 V is distributed
across the single-cell, which explains the reason for promising
cell safety offered by NEP. Fig. 3e evaluates the effective poten-
tial imposed upon the cell at different conditions for VA. We
observe that the voltage imposed upon by the cell is 3.4 V
under 100 V, which is visualized by Fig. 3d. In this model, Vs is
defined as the threshold voltage for membrane permeabiliza-
tion, while Vm is the resting transmembrane potential.33 A suc-
cessful cell electroporation must meet the condition of Vs >
Vm. Based on previous research,34 1 V is assumed safe as a con-
servative estimation for Vm, according to which Fig. 3e indi-
cates that the minimum voltage bias would need to be at least
50 V for successful electroporation within the system, yet the
value of Vs = 0.5 V at VA = 15 V would likely be insufficient.
Within this estimation, “d” is set to 200 nm, a considered proxi-
mate distance from cell to nanochannel opening. However,
d is another factor having a significant impact on threshold
voltage, as demonstrated in Fig. 3f. For instance, when d =
100 nm, the VA = 50 V can reach the Vs = 1 V mark. Neverthe-
less, this potential may be insufficient when d > 400 nm. This
confirms the importance of localized electroporation in the
NEP system. In this work, cells are loaded on the chip while a
vacuum is applied underneath the NEP chip to drive the cell
towards the nanopore for alignment and contact against the
nanopore. In addition, both types of cells we used in this work
are adherent cells which, naturally, attach on the chip surface
and spread, as shown in Fig. 2c. Therefore, though it is
difficult to realize “precise” gap control, a close-contact with
d < 100 nm is always guaranteed for cells studied in this work.
To handle suspension cells, other techniques, such as dielec-
trophoresis and magnetic tweezers, are under investigation to
achieve efficient cell loading and immobilization on nano-
channel arrays. To confirm the identified threshold voltage,
H9C2 cells (mouse cardiomyoblasts) were delivered with FAM
labelled oligonucleotides (FAM-ODN) by 3D NEP at both VA =
15 V and VA = 50 V. The immediate fluorescence images for
both cases are seen in the inset of Fig. 3e. The VA = 15 V case
shows little if any observable fluorescence, while using VA =
50 V, the internalized fluorescence intensity is significantly
increased. These results imply: (1) 15 V is an insufficient VA
even with a close proximity between a cell and a nanochannel;
(2) transfection results of 50 V could vary, dependent on the
condition of the cell close to the nanochannel.

We tested the delivery performance of 3D NEP under
different voltages (pulse duration/number/interval were fixed
at 10 ms/5 pulses/1 s). H9C2 cells were loaded onto the chip,
and FAM-labelled oligonucleotides (FAM-ODN) were then
injected into cells seated on the nanopores. Fig. 4a statistically
compares the fluorescence intensities of transfected cells with
different voltages. No significant difference is observed in the
average fluorescence intensity of FAM under 15 V as compared
with the cells in the control group (p = 0.188), which further

confirms the conclusions given by the simulation. The intensi-
ties significantly increase under 50 V (p < 0.005), which gives a
clue about the general threshold for sufficient electroporation
in the 3D NEP system. When the voltage increases from 50 V
to 100 V, the intensities are significantly increased, indicating
that larger amounts of FAM-ODN were delivered into individ-
ual cells by NEP. Interestingly, increasing the voltage to 140 V
does not further enhance the delivery outcomes. One expla-
nation is that in the NEP environment, the electric field can
only affect the membrane in contact with the nanochannel.
Within the low-voltage range (e.g. from 0 V to 100 V), increas-
ing the voltage could enlarge the size of the single nanopore,
or increase the number of nanopores, generated on the cell
membrane.35 However, the maximum size of the nanopore or
the number of nanopores, occurs when the voltage reaches a
saturated value (e.g. above 100 V). Beyond this threshold the
high voltage (e.g. 200 V) does not facilitate delivery, but may
cause excessive heat, damaging cells, if increased without pru-
dence. Therefore, we used 100 V–140 V as a safe and efficient
range, since no obvious joule heating and cell damage
phenomena were observed at this biasing range.

Dosage controllability in high throughput cell transfection

In Fig. 4b, we demonstrate the signature feature of 3D NEP,
showing dosage control in conjunction with a high-throughput
cell transfection. FAM-ODN was delivered into H9C2 cells
under an applied bias of 140 V with three different pulse dur-
ations (5 ms, 10 ms and 30 ms). The internal fluorescence
intensities are directly proportional to the pulse durations.
The dosage controllability of NEP is due to the electrophoresis
of biomolecules within the nanochannel under an electric
field, which is independent of the diffusion when the applied
pulse duration is within a small range. However, interestingly,
we observed the variation of fluorescence intensity among
individual cells increased as the pulse duration increased as
shown in Fig. 4a. When the pulse is turned-off, the nanopores
in the cell membrane may still last for a while (several ms to
several seconds). The accumulation of the biomolecules in the
vicinity of the cell would cause diffusion-based delivery in the
final stage.36 So the dosage control is still realized by electro-
phoresis but the variation on dosage gets larger as the pulse
duration increases. Depending on the pulse duration, the
membrane recovery time could be significantly increased, pro-
viding an additional opportunity for molecules to diffuse into
the cells.37,38

Transfection uniformity

We investigated the transfection uniformity of the 3D NEP
system compared to its reported high throughput counter-
parts, including both BEP and 3D MEP. The PI dye was
injected into the loaded H9C2 cells with the given NEP con-
ditions: 140 V/10 ms/2 pulses. In NEP, only cells localized on
the array of nanopores were injected with the PI dye, forming a
fluorescence spot-array after electroporation (Fig. 4c). Counting
the time for image capture, the delivery process was completed
in much lesser time than 1 minute, consistent with the results
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in 2D NEP.19 In contrast, commercial BEP (Neon Transfection
System, Life technology) delivery results in a slow (lasting for
1 hour) but random fluorescing (with ∼10% transfection
efficiency) among a large number of cells (Fig. 4c). We also
tested 3D MEP for the delivery of the PI dye. Cells were trapped

on the chip with a microchannel array (5 μm in diameter)
using a vacuum and were electroporated with the protocol in
previous work. 3D MEP also offers a high efficiency, as shown
in Fig. 4c. Fig. 4d shows the performance analysis of 3D NEP,
BEP and 3D MEP with respect to transfection uniformity.

Fig. 4 Dosage controllability and transfection uniformity of the 3D NEP for high-throughput cell transfection. (a) The normalized fluorescence intensi-
ties of transfected cells under different voltages in delivery of FAM-ODN, compared to the control group (counted cell number in each group, n = 100).
(c) The fluorescence intensity of FAM-ODN delivered by NEP is directly proportional to the pulses lengths (n = 50); (C) a uniform transfection, with for-
mation of a fluorescence spot array on a chip, is achieved within 1 min after electroporation by 3D NEP. In comparison, a stochastic and slow fluoresce
induced by BEP took more than 30 min, while MEP required 10–30 minutes. (d) The comparison of BEP, 3D MEP, and 3D NEP on the delivery uniformity
in the process of PI delivery (n = 400). (e) The comparison of BEP and 3D NEP on the transfection uniformity for GFP plasmid delivery (n = 1000).
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In each group, the fluorescence intensities of 400 randomly-
picked individual cells are counted. 3D NEP shows signifi-
cantly higher transfection uniformity (s.d. = 2) than that of
BEP (s.d. = 9.5) and 3D MEP (s.d. = 8.1). Note that at low mean
intensity, 3D MEP works well for intracellular delivery of small
molecules too. We further investigated the efficacy of BEP and
MEP for the delivery of large molecular weight plasmids
(pmaxGFP, 3.5 kbp) compared to NEP. Fig. 4e analyzes the
GFP fluorescence intensities of 1000 cells in BEP and NEP
groups. 3D NEP has 20-fold better uniformity than BEP on
plasmid delivery (s.d = 65 vs. s.d. = 1313), implying the
superior performance of NEP in regard to transfection uni-
formity when attempting to transfect cells with large mole-
cules. NEP also showed significantly higher efficiency for
plasmid delivery as compared to MEP platforms. GFP fluo-

rescence was not observed in 3D MEP experiments. When the
applied voltage was increased to 10 V, however, all cells loaded
on the micro-pores were lysed due to joule heating, consistent
with the previous work on MEP.39,40

Large weight plasmids delivery in primary cells

We further explored the outcomes specific to the delivery of
large molecular weight plasmids (OCT-4, SOX2, KCL-1, and
MYC transcription factors, OSKM encoded on a pCAG plasmid
backbone, with 13 kbp) into the primary cells (mouse embryo-
nic fibroblasts) on the 3D NEP platform. The plasmid labelled
with YOYO-1 dye, is capable of improving the fluorescence
intensity 1000-fold once it binds with dsDNA in either the
cytosol or nucleus.36 We observed a strong YOYO-1 fluorescence
signal co-localized with the cells 1 min after NEP (Fig. 5a),

Fig. 5 Delivery of MEFs with large molecular weight cargos (13 kbp OSKM plasmid labelled with YOYO-1 dye) using a 3D NEP platform and BEP. (a)
The images merged with YOYO-1 green fluorescence and phase contrast show that the delivery efficiency of 3D NEP is significantly higher than that
of BEP (the first panel). The zoom-in of individual cells demonstrates that cells transfected by NEP are still alive, with typical MEF morphologies,
while most cells delivered by BEP show spherical morphologies and detach from dishes, indicating cell death (the second panel). (b) Statistics of cell
viability between NEP and BEP (n = 100). (c) The transfection uniformity of NEP as compared to BEP, according to the internalized YOYO-1 fluor-
escence (n = 100). (d) Successful expression of OSKM transcriptional factors after 3D NEP. The RFP fluorescence (reporter gene encoded on OSKM
plasmid) was observed 24 h after NEP, indicating the successful translation and transcription of OSKM factors. **: p < 0.01.
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indicating the internalization of the plasmid. Fig. 5a also
demonstrates that NEP provides significantly higher efficiency
than BEP when delivering such large molecular weight cargos
(∼10% vs. <1%). For NEP, it should be noted that as men-
tioned earlier, only cells seated on nanopores can be trans-
fected, which is why the seemingly low transfection efficiency
of 10%, as all cells loaded on the chips were counted rather
than only those seated on nanopores. A cell manipulation
technique for high-throughput cell trapping on a 3D NEP chip
is under investigation now, which would realize efficient cell-
array trapping, allowing a better alignment with the nanochan-
nel array. If we count only cells localized on the nanopores,
the transfection efficiency would be at ∼90%. The result of
extremely low-efficiency obtained by BEP was consistent with
previous work for OSKM plasmid delivery.41 We also evaluated
the cell viability after electroporation. In the NEP group, 90%
of transfected cells are still alive (Fig. 5b), attached and
showed typical fibroblast morphologies 24 hours after electro-
poration (Fig. 5a). In comparison, in the BEP group, only 9%
cells are still considered surviving while 91% cells display
shrunken, spherical features and have detached from the cell
culture dish, a typical behaviour of dead or dying cells
(Fig. 5a). The reason for negligible cell damage with NEP has
been discussed above and in previous work.19 The unique cell-
nanochannel configuration shields the majority of potential
drops, allowing a safe but sufficient voltage potential to porate
cells. The extremely low efficiency of BEP supports the fact that
BEP is a diffusion based process where without additional pro-
pulsion, the difficulty of cross-membrane transport is too
great. This also suggests that for a successful BEP, an increase
in the applied voltage would be required in order to improve
delivery efficiency. However, this would cause irreversible elec-
troporation to occur, leading to permanent cell damage.38 We
also compared the fluorescence intensities between two
groups, and NEP consistently shows significantly better uni-
formity (s.d. = 4306) than BEP (s.d. = 12 347) (Fig. 5c). The
OSKM plasmid was also cloned with a reporter gene (RFP) to
verify if the plasmids were transcribed and translated in living
cells. Fig. 5d shows RFP (red fluorescence) observed 24 hours
after NEP, indicating the successful transcription of the OSKM
factors. All cells showing RFP can be co-localized with those
emitting YOYO-1 fluorescence, demonstrating that the RFP
signal is real and reliable. However, only a portion of delivered
cells (based on YOYO-1) showed the RFP signal, implying
OSKM factors were not suitably expressed in some cells. Our
hypothesis is that the current OSKM plasmid is an integrative
backbone cloned with five functional genes (OCT-4, SOX2,
KCL-1, MYC, and RFP), which increases the difficulties of
correct expression in the nucleus.

Conclusions

The manipulation of cellular behaviour and programming may
prove essential to the future of clinical medicine and thera-
peutics. The development of a highly reliable, controllable,

and low-cost system is ideal to allow for a smooth transition
from research to clinical medicine. BEP, while commercially
available and easily performed, is extremely detrimental to cell
function and longevity. While BEP allows for high-throughput,
it is unable to achieve high cell viability and any dosage
control. MEP improves upon this system by being able to
achieve high-throughput and higher cell viability, but it is still
unable to achieve good dosage control and uniform transfec-
tion and to deliver large molecular weight cargos. The 3D NEP
system demonstrated here allows for high-throughput cell
transfection with high cell viability, dosage control, and high
uniformity. These features promote the qualities of gene deliv-
ery and transfection in gene therapy, adoptive immunotherapy
and cell reprogramming. This platform also offers high
efficiency and cell viability in delivering cells with very large
molecular weight cargos (e.g. 13 kbp OSKM plasmids) which
cannot be achieved with comparable outcomes by either MEP
or BEP. The 3D NEP system used in this experiment can
handle 40 000 cells on a single chip with 1 cm2 area. If a larger
number of cells are required, the demonstrated approach can
be readily scaled up to deal with millions of cells per wafer.
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